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Introduction
Cerebroretinal vasculopathy (CRV) (Grand et al., 1988) , hereditary vascular retinopathy (HVR) (Storimans et al., 1991; Terwindt et al., 1998) , and hereditary endotheliopathy, retinopathy, nephropathy and stroke (HERNS) (Jen et al., 1997) are devastating fatal syndromes initially described in single families as distinct entities. Comparison of the published data, however, suggested at least some clinical overlap. By concentrating on vascular retinopathy, the most consistently shared feature, our consortium mapped a common locus to chromosome 3p21.1-p21.3 (Ophoff et al., 2001) and subsequently identified pathogenic heterozygous C-terminal frameshift mutations in TREX1 (Richards et al., 2007) . This gene encodes a 3 0 -5 0 DNA exonuclease involved in clearing cytosolic nucleic acids (Richards et al., 2007) . Pathogenically, the three syndromes were thus united as a single neurovascular disorder, which was termed 'retinal vasculopathy with cerebral leukodystrophy' (RVCL) by Online Mendelian Inheritance in Man (OMIM; www.ncbi.nlm.nih.gov/omim).
Clinically, however, RVCL remained under-recognized. Diagnostic criteria were lacking and awareness of RVCL and its clinical manifestations was limited and possibly biased as the available clinical characteristics were mainly based on only a few, mostly old and genetically unverified and thus potentially misclassified, case reports (Grand et al., 1988; Storimans et al., 1991; Jen et al., 1997; Terwindt et al., 1998; Ophoff et al., 2001; Richards et al., 2007) . As a result, RVCL has been misdiagnosed as brain tumour, multiple sclerosis, vasculitis, or organ disease of unknown origin, leading to unnecessary and often hazardous diagnostic procedures such as biopsies of brain, liver or kidney.
To increase clinical awareness and to facilitate clinical diagnosis, genetic counselling, and future studies we set out to define the genetic, clinical, radiological, and pathological spectrum of RVCL. We here provide a characterization of the genetic and clinicopathological spectrum of RVCL based on the aggregated retrospective data from 78 TREX1 mutation carriers (MC) from 11 unrelated families. In addition, we summarize the clinical features of five additional cases of RVCL, which have been reported in the literature but were not included in our dataset. To aid clinical recognition, we defined the typical clinical picture and formulated operational diagnostic criteria. Finally, after careful analysis of all available data and prompted by the pathogenetic basis and emerging clinical picture with systemic manifestations and conspicuous absence of leukodystrophy, we renamed the disease 'retinal vasculopathy with cerebral leukoencephalopathy and systemic manifestations' (RVCL-S). To preclude confusion with the old and pathophysiologically incorrect term RVCL (which incorrectly suggests the presence of leukodystrophy and absence of systemic features), we decided to use the term RVCL-S hereafter.
Material and methods
We genetically identified (Richards et al., 2007) and evaluated the medical records and reviewed, aggregated and correlated the genetic, clinical, neuroimaging, and pathology data of 78 TREX1 MC (35 females; 43 males) from 11 families from The Netherlands (37 MC; three families), USA (32 MC; five families), Australia (five MC; two families), and Germany (four MC; one family) (Supplementary Tables 1, 2 and 3). All subjects were personally interviewed and examined by one or more of the authors. We used a standardized study protocol and generally accepted test limits and formal diagnostic criteria (Supplementary material). Pathological findings were obtained from biopsy and autopsy reports in Families 1, 2, 5 and 7-11. Some clinical and genetic data from Families 1-5 and 7-11 (Grand et al., 1988; Storimans et al., 1991; Jen et al., 1997; Terwindt et al., 1998; Weil et al., 1999; Ophoff et al., 2001; Cohn et al., 2005; Richards et al., 2007; Gruver et al., 2011) , and some neuropathological data of Families 1 and 7-9 (Grand et al., 1988; Jen et al., 1997; Weil et al., 1999; Gruver et al., 2011) have previously been published in brief in various independent reports, but never been subjected to a detailed and coherent meta-analysis.
Cerebral lesions were identified by review of images on brain CT or MRI. Sequences available for review were: T 1weighted (fat suppressed and with gadolinium-enhanced), T 2 -weighted [fat suppressed and fluid attenuation inversion recovery (FLAIR)], and in some patients, diffusionweighted. No susceptibility weighted sequences were included because most scans were done more than 10 years ago, when this technique was not yet routinely performed.
The following classification was used for the three types of T 2 hyperintense white matter lesions (T 2 -H-WMLs) identified with neuroimaging: (i) punctate lesions without enhancement; (ii) punctate lesions with nodular enhancement; and (iii) larger mass lesions with rim enhancement, mass effect and surrounding oedema.
Descriptive statistics are based on the number of subjects for whom the relevant data were available. As not all data were available for all subjects, the denominator may vary per item. The institutional ethics committee at each participating institution approved the study and all living subjects provided written informed consent.
In addition to the analysis of our own 78 cases, we also identified and reviewed five cases of RVCL-S that have been reported in the literature but were not included in our dataset.
Results

Genetic findings and study population
We identified five distinct pathogenic C-terminal frameshift TREX1 mutations (V235fs, T236fs, T249fs, R284fs, and L287fs) ( Table 1 and Supplementary Fig. 1 ), which were all inherited; none had occurred de novo. The families, most likely, are unrelated. This could be confirmed by haplotype analysis in all but Families 6 and 9. Families 2 and 6 carried a same mutation (V235fs) as did Families 8 and 9 (T249fs) but both mutations are recurrent and also found on different haplotypes in other families. Moreover, Families 8 and 9 are from different ethnic origins, making a common ancestor unlikely.
Clinical and neuroimaging findings in all 78 mutation carriers
We found a range of retinal, cerebral, and systemic features in 78 mutation carriers, which were similar across mutations and families ( Supplementary Table 1 ). Sixty-four mutation carriers (84%) had vascular retinopathy. Manifestations of brain disease were found in 60/74 (81%) and included focal neurological deficits (56%), migraine (53%), cognitive impairment (47%), psychiatric disturbances (39%), and seizures (14%); neuroimaging revealed (i) punctate, hyperintense, white matter lesions with or without nodular enhancement (92%); (ii) rimenhancing mass lesions (71%); and (iii) calcifications in the white matter (52%). Systemic features were present in 62/63 (98%) and included liver disease (70%), anaemia (74%), nephropathy (49%), hypertension (58%), mild Raynaud's phenomenon (42%), and gastro-intestinal bleeding (12%).
Vascular retinopathy, in most cases leading to progressive visual impairment, and contrast-enhancing brain lesions typically associated with progressive neurological features, were the most consistent and diagnostically most striking and disease-specific findings. Both features were particularly prevalent among older mutation carriers in the more advanced stages of the disease and, even more so, among mutation carriers who already had died. Of the 35 deceased mutation carriers with available data, all had been diagnosed with vascular retinopathy and nearly all with contrast-enhancing brain lesions. Of the 43 still-living mutation carriers, 13 did not have retinopathy or brain lesions. These were designated MCÀ and showed no, or only non-specific, features (see below), which were too general to alert physicians to consider a clinical diagnosis of RVCL-S in the absence of a positive family history. In contrast, the 65 MC + with retinopathy (64/64; 100%), contrast-enhancing brain lesions (44/48; 92%), or both (44/47; 94%), showed a range of, mostly severe, associated cerebral and systemic features (see below); one MC + had contrast-enhancing brain lesions but unknown retinopathy status. One of the patients had progressive gastrointestinal bleeding that led to subtotal colectomy but the others were intermittent. Two patients also had gastric or duodenal ulcers and one had the progressive colonic ulcerations associated with bleeding. Two patients had telangiectasias in the colon. NA = not applicable.
MCÀ were on average 8 years younger than MC + , suggesting that MCÀ still are in an early non-specific phase of the disease. Lumping of the features of MCÀ and MC + across all disease stages would likely obscure the typical clinical picture of RVCL-S, hampering clinical recognition of patients. We therefore decided to present the clinical data in two complementary ways: (i) as an unbiased general review of all 78 mutation carriers (see above and Supplementary Table 1 ); and (ii) separately for MC + and MCÀ (see Table 1 and below) to better highlight the characteristic combination of features.
Mutation carriers with retinopathy and brain lesions Clinical features
A clinical diagnosis of RVCL-S was made in 65 MC + at a mean [AE standard deviation (SD)] age of 42.9 AE 8.3 years (range 25-61). Reasons for medical screening were: visual (40/65; 61%) or neurological (14/65; 21%) features, family history (5/65; 8%), or unknown (6/65; 9%). At diagnosis, vascular retinopathy was present in 59/64 (92%) mutation carriers, visual disturbances such as decreased visual acuity or field defects in 50/65 (77%), and neurological features in 17/65 (26%); for 6/65 (9%) MC + , information on the clinical features at diagnosis was unavailable. Eventually, 64/64 (100%) MC + developed vascular retinopathy, 40/ 59 (68%) focal neurological deficits, 32/57 (56%) cognitive impairment, 26/62 (42%) psychiatric symptoms such as depression and anxiety, and 9/54 (17%) seizures. All but one MC + showed progressive increase in number and size of characteristic brain lesions on imaging (see below). In the single MC + without brain lesions, imaging was done only once, less than a year after retinopathy was diagnosed.
Thirty-five MC + had died, primarily from complications of neurological decline, at a mean age of 53.1 AE 9.6 years (range 32-72) and on average 9.0 AE 6.7 years (range 51-26) after diagnosis. Compared to still living MC + , deceased MC + more frequently had focal neurological features (28/29; 97% versus 12/30; 40%) and cognitive impairment (21/28; 75% versus 11/29; 38%), indicating progressive neurological decline among all MC + . The single deceased MC + without cerebral manifestations had died of heart disease 2 years after retinopathy was diagnosed. A typical case history of RVCL-S is described in Fig. 1 .
Retinopathy
Retinopathy was characterized in the early stages by telangiectasias, micro-aneurysms, and cotton wool spots ( Fig. 2A and B) , and later by perifoveal capillary obliteration and neovascularization ( Fig. 2C and D) . Histopathological examination of the retina at autopsy (n = 8) was consistent with scattered micro-infarcts. The retinal arteries had thickened hyalinized walls ( Fig. 3A ) and there were focal areas of disruption of the ganglion cells and inner nuclear layer of the retina, usually accompanied by vascular changes. In some, the pathological process had progressed to retinal haemorrhage and neovascularization.
Neuroimaging
Neuroimaging was available for 48/65 (74%) of MC + : both CT and MRI in 14, only MRI in 21, and only CT in 13. In all but one, T 2 hyperintense white matter lesions (T2-H-WMLs) sparing the grey matter were identified. These could be classified as either: (i) punctate lesions without enhancement; (ii) punctate lesions with nodular enhancement; or (iii) larger mass lesions with rim enhancement, mass effect, and surrounding oedema.
Punctate non-enhancing T2-H-WMLs were detected on MRI in 34/35 (97%) of MC + ; the single MC + without such lesions had been diagnosed with retinopathy for less than a year. These lesions were small-to medium-sized, variable in number and, except for a solitary infratentorial lesion, were always located in the supratentorial periventricular and subcortical white matter. The subcortical Ufibres and corpus callosum were consistently spared. Some lesions were associated with diffusion restriction on MRI or calcifications on CT. Although non-specific as a solitary finding, these white matter changes were in most MC + remarkably frequent for age.
In a quarter of MC + , punctate T2-H-WMLs showed enhancement sometimes associated with diffusion restriction. Enhancement of punctate T2-H-WMLs was always regarded as incompatible with 'normal' age-related lesions and required follow-up imaging. In several MC + serial MRI demonstrated progression of non-enhancing to enhancing lesions and sometimes even to rim-enhancing mass lesions ( Fig. 4A ).
Rim-enhancing mass lesions were observed in 36/43 (84%) of MC + , sometimes at diagnosis but more frequently with advanced disease. These lesions showed varying patterns of rim enhancement and generally were associated with oedema and mass effect; in five MC + there were associated areas of diffusion restriction that could persist for months (Figs 1 and 4) . The size of the lesions (up to 6 cm diameter) and the amount of adjacent oedema could vary over time depending on treatment with corticosteroids (Mateen et al., 2010) .
Focal calcifications were seen on CT in the white matter of 14/27 (52%) MC + , but not in the basal ganglia as is seen in Aicardi-Goutières syndrome (AGS), a rare disease caused by different TREX1 mutations (Crow et al., 2006) .
Neuropathology
Neuropathological examination was performed on 13 autopsy and seven biopsy specimens from 20 MC + . Gross pathology at autopsy demonstrated minimal to marked involvement of the periventricular white matter, particularly in the fronto-parietal regions. The brainstem and cerebellum were affected in a few cases. Microscopy showed multiple often confluent foci of ischaemic necrosis of white matter with vessel wall thickening and luminal stenosis. This pattern, with sparing of the grey matter, is also seen in other autosomal dominant small vessel angiopathies such as cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL). Larger affected areas had extensive necrosis with focal calcifications ( Fig. 3B ). Figure 3B shows vasculopathy of medium and small calibre arteries in these necrotic foci and adjacent white matter. Fibrinoid necrosis, adventitial fibrosis, luminal narrowing and mural hyalinization with collagenous material were hallmarks of the vasculopathy (Fig. 3B-D) . Occasional vascular telangiectasias were observed. In some cases, a modest chronic inflammatory cell infiltrate, both perivascular and parenchymal in distribution and composed of rim-enhancing lesion with mass-effect and surrounding oedema in the left frontal white matter (A1: gadolinium-enhanced T 1weighted; A2: non-enhanced T 1 -weighted) with focal calcifications on CT (not shown). Two smaller rim-enhancing lesions were noted periventricularly in the right frontal (arrows, A3: gadoliniumenhanced T 1 -weighted; A4: non-enhanced T 1 -weighted) and parietal lobes (arrows, A5: gadolinium enhanced T 1 -weighted; A6: nonenhanced T 1 -weighted). Biopsy of the left fronto-parietal lesion revealed tissue necrosis. Dexamethasone (60 mg for 10 days) slightly improved the hemiparesis. Four months later, his headaches became worse and he developed word-finding difficulties and wide-based gait. Routine laboratory investigation revealed mild anaemia and mildly impaired renal and liver function. CSF protein was mildly increased but cell count was normal; there were no oligoclonal bands. Antinuclear antibodies, extractable nuclear antigens, anticardiolipin IgG and IgM, and anti-neutrophilic cytoplasmic antibodies were all negative. The left frontal lesion had diminished in size on MRI and enhancement was only minimal; the surrounding oedema and gliosis, however, had remained as a large zone of confluent T 2 hyperintensities with small nodular foci of faint enhancement (B1: gadolinium enhanced T 1 -weighted; B2: FLAIR). Half a year later his condition worsened and he became easily agitated with emotional lability, disorientation, apathy, and urinary incontinence. Additionally, he developed left-sided hemiparesis with facial weakness and could walk only with assistance. MRI (C1: gadolinium enhanced T 1weighted; C2: FLAIR) revealed, exactly where previous MRI's had shown a pre-existing punctate enhancing white matter lesion, a large irregularly rim-enhancing lesion with central necrosis and a large zone of surrounding oedema, which extended into the corpus callosum, basal ganglia, and parietal and temporal lobes, and which exerted some mass-effect on the right lateral ventricle. The preexisting lesion adjacent to the parietal horn of the right lateral ventricle had not changed significantly. A second biopsy showed mainly necrotic tissue. Corticosteroids temporarily improved his gait. Repeat MRI (D1 and D2: gadolinium enhanced T 1 -weighted) 2 months later showed a persistent right frontal lesion. Open biopsy and partial debulking of the right frontal lesion were performed. Pathology showed largely necrotic tissue with scattered inflammatory cells, mainly around the vessel walls, which were thickened with adventitial fibrosis. In the following year, his condition deteriorated and he died of aspiration pneumonia at age 60. Autopsy was performed and the data are included in Fig. 3. lymphocytes and plasma cells, was found near ischaemic lesions. The cellular infiltrate was best interpreted as a reaction to ischaemic brain tissue and there was no evidence of destruction or invasion of vascular walls.
Focal calcifications and reactive astrocytosis were frequent findings. Myelin loss was substantial at autopsy. Neurofilament immunolocalization showed concomitant axon loss, often with large numbers of swollen axonal spheroids, consistent with an ischaemic process. On electron microscopy, irregular thickening and splitting of basement membranes in vessel walls were seen (Fig. 3E) , with signs of smooth muscle cell and pericyte degeneration in the media.
Other commonly found features
A number of other disorders occurred remarkably more frequently in MC + than in the general population (Table   1 ), suggesting that these disorders might also be part of the clinical RVCL-S spectrum.
Evidence of liver disease was found in 31/40 (78%) MC +. Of these, 28 had (mildly) elevated levels of alkaline phosphatase and gamma-glutamyltransferase, which in 10 was associated with histopathologic changes in biopsy and autopsy specimens. Nodular regenerative hyperplasia was the predominant feature. Micro-and macro-vesicular steatosis, periportal inflammation, and portal and bridging fibrosis were also seen ( Supplementary Fig. 2 ). In three MC +, there was pathologic evidence of liver disease without abnormal laboratory parameters.
Renal disease was present in 27/44 (61%) MC +, which in 22 was associated with proteinuria, mild-to-moderate elevation of serum creatinine, or both. Pathologic examination in 13 of them revealed renal arteriolosclerosis, arteriolonephrosclerosis, and focal or diffuse glomerulosclerosis (Fig. 3G ). Similar pathological changes were observed in layer; OPL = outer plexiform layer. The brain also shows a prominent vasculopathy in the white matter, most often adjacent to and in sites of coagulation necrosis. Small to medium sized vessels demonstrate vascular wall thickening with varying degrees of luminal narrowing [arrows; (B) haematoxylin and eosin; brain). In some cases, this progresses to a frank fibrinoid necrosis. In areas with extensive white matter ischaemic damage, granular calcifications are particularly evident (dark blue staining in lower left of B). The vasculopathy may result in luminal obliteration leading to parenchymal necrosis (C; haematoxylin and eosin; brain). There is five MC + who had normal laboratory values. In one MC + , renal disease was detected prior to retinopathy and cerebral lesions.
Hypertension was found in 30/50 (60%) of all MC + and in 18/20 (90%) of MC + with renal dysfunction. Mild-tomoderate normocytic and normochromic anaemia was present in 25/34 (74%) MC + and was associated with microscopic gastrointestinal bleeding or telangiectasias in six. Positive autoimmune markers were detected in 3/18 (17%) MC + : antinuclear antibodies by immunofluorescence on Hep2 substrate in two and anti-cardiolipin IgG by ELISA in one.
Migraine was diagnosed (Headache Classification Subcommittee of the International Headache Society, 2004) in 24/41 (59%) MC + . In 14/17 (82%) migraineurs with a recorded age of migraine onset, the attacks had begun about two decades before characteristic RVCL-S manifestations. Raynaud's phenomenon, typically mild, without ischaemic injury, and not requiring treatment, was present in 24/60 (40%) of MC + .
Mutation carriers without retinopathy or brain lesions
The 13 mutation carriers without retinopathy or brain lesions were aged 35.1 AE 10.6 years (range 18-58), on average 8 years younger than MC + . Except for mild Raynaud's phenomenon (7/13; 54%), migraine (5/12; 42%), and depression or anxiety (3/13; 23%), no other features were present.
Review of five additional cases from the literature
We identified five additional genetically confirmed cases from the literature, which were not included in the present study (Winkler et al., 2008; Schuh et al., 2014; Dhamija et al., 2015; DiFrancesco et al., 2015; Vodopivec et al., 2016) . The clinical features reported for these five cases (Table 3) are consistent with those observed in our own population with the exception of two additional features: avascular necrosis of the femur head (DiFrancesco et al., 2015) and dilated (hypertensive) cardiomyopathy (Winkler et al., 2008; DiFrancesco et al., 2015; Vodopivec et al., 2016) .
Discussion
We present here the genetic and clinicopathological spectrum of RVCL-S, a frequently misdiagnosed autosomal dominant systemic small vessel disease caused by C-terminal frameshift mutations in TREX1. We identified five different mutations in 78 subjects from 11 unrelated families and, unlike previous case reports (Grand et al., 1988; Storimans et al., 1991; Jen et al., 1997; Terwindt et al., 1998; Richards et al., 2007; Mateen et al., 2010) , found a consistent disease profile across patients, families, mutations, and countries.
Based on our findings and long-term clinical experience with many patients with RVCL-S, we propose the following tentative clinical course for this disease, which needs to be confirmed in prospective studies. Between age 35 and 50, visual impairment due to progressive vascular retinopathy will become apparent, soon followed by clinical manifestations of progressive focal and global brain disease. Typically, brain imaging will reveal rim-enhancing mass lesions and/or punctuate hyperintense white matter lesions with nodular enhancement, often in combination with focal calcifications in the cerebral white matter. Most if not all patients will also reveal, for age remarkably many, punctate hyperintense non-enhancing white matter lesions. Although non-specific as a solitary finding, their presence should raise suspicion of RVCL-S if in combination with retinopathy or positive family history. In addition to visual and cerebral manifestations, many patients will also have or develop one or more of the following features: liver disease, nephropathy, anaemia with or without gastrointestinal bleeding, hypertension, migraine, and mild Raynaud's phenomenon. Ultimately patients will die between age 50 and 60, usually due to progressive brain failure. To aid the clinical recognition of RVCL-S we propose operational diagnostic criteria ( Table 2) . Demonstration of C-terminal frameshift mutations in TREX1 will confirm the diagnosis.
Migraine and Raynaud's phenomenon were remarkably common among both MC + and MCÀ, and typically preceded the onset of retinopathy and cerebral lesions by two decades. Compared with the general population (Launer et al., 1999; Jensen and Stovner, 2008) , the prevalence of migraine was in females three times and in males five times higher, using the same validated diagnostic criteria (Headache Classification Subcommittee of the International Headache Society, 2004), while the prevalence of mild Raynaud's phenomenon was twice as high (Palmer et al., 2000) . These data suggest a causal relationship between TREX1 RVCL-S mutations and both migraine and Raynaud's phenomenon, as was previously suggested in a genetic study of Family 2 (Hottenga et al., 2005) . Whether mutations that cause other TREX1-related diseases (see below) have similar effects is unknown (Mitsikostas et al., 2004; Hanly et al., 2013; Lee-Kirsch et al., 2014) . The association of migraine with RVCL-S is hyperintensities indicative of small vessel disease in a patient with RVCL-S. Small to middle-large deep and periventricular non-specific T 2 hyperintense white matter lesions, as shown in the first MRI (0 months, axial FLAIR), are seen in the early phases of RVCL-S. There seem to be a predilection for the periventricular white matter next to anterior horn and, to a lesser extent, the posterior horn. The asymmetric pattern of affected white matter might be a hallmark of RVCL-S. Some small lesions showed diffusion restriction and minimal contrast-enhancement (e.g. the periventricular lesion next to the left anterior horn at 19 months). Nineteen months later, a right frontal rim-enhancing lesion with associated calcification (unenhanced CT) and perifocal oedema (gadolinium enhanced T 1 -weighted MRI) has developed on the location of a pre-existing punctate white matter hyperintensity. MRIs at 2, 3 and 11 months after corticosteroid treatment for several weeks with clinical improvement show progressive reduction of the cerebral oedema and contrast enhancement (gadolinium enhanced T 1 -weighted MRIs). (B) Cerebral MRI scans of five different patients, each with a different TREX1 frameshift mutation, showing that all known RVCL-S TREX1 mutations are associated with the same type of white matter lesions. V235fs: Axial T 1 -weighted (left) and axial gadolinium enhanced T 1 -weighted (right) MRI images of a 59-yearold male (Family 2) with a right frontal rim-enhancing lesion with mass-effect and surrounding oedema. T236fs: Axial T 1 -weighted (left) and axial gadolinium enhanced reminiscent of the association of migraine with another neurovascular disorder, CADASIL. Here also, migraine is highly prevalent and precedes the typical disease features by many years. Unravelling the mechanisms for migraine in both angiopathies might help to resolve the debate about the role of blood vessels in the pathogenesis of migraine (Schoonman et al., 2008; Amin et al., 2013) .
The differential diagnosis of RVCL-S is challenging. The retinopathy can be confused with diabetic, hypertensive or radiation retinopathy, branch retinal vein occlusion, infectious retinitis, sickle cell disease, and collagen vascular disease (Grand et al., 1988; Gass et al., 1993) . Early white matter lesions were often confused with multiple sclerosis, multi-infarct dementia, vasculitis, and other hereditary small vessel diseases with prominent white matter lesions such as CADASIL (Joutel et al., 1996; Plaisier et al., 2007) . Rimenhancing mass lesions were mistaken for neoplasms or tumefactive multiple sclerosis, with brain biopsies and surgical resection sometimes undertaken. Patients with acute focal neurological deficits could be diagnosed with ischaemic stroke. Interestingly, diffusion restriction signifying cytotoxic oedema was observed in the centre of some mass lesions.
The clinical and histopathologic findings are consistent with the hypothesis that RVCL-S is a systemic small vessel vasculopathy caused by an endotheliopathy that disrupts the vascular basal membrane and leads to progressive loss of microvascular blood flow. The histopathological findings in the brain are reminiscent of delayed radiation necrosis, which is believed to result from endothelial cell dysfunction (Nordal et al., 2005) . Electron microscopy in RVCL-S shows multi-laminated capillary basement membranes in the brain, kidney, stomach, appendix, omentum, and skin (Jen et al. 1997) . The presence of retinal and cerebral vessel wall thickening and lumen obliteration, nodular regenerative liver hyperplasia suggestive of diminished hepatic blood flow (Reshamwala et al., 2006) , renal arteriolosclerosis and glomerulosclerosis, and microscopic gastrointestinal bleeding favours a small vessel disease. Although largely non-specific (perhaps with the exception of the basement membrane changes), the pathological changes should point to RVCL-S when present in combination with characteristic clinical and neuroimaging features of RVCL-S.
How TREX1 mutations lead to RVCL-S is unknown. TREX1 has been implicated in immunity. In Trex1 knockout mice, there was cellular accumulation of single-stranded DNA and multi-organ inflammation (Morita et al., 2004; Yang et al., 2007; Stetson et al., 2008) . Mutations abolishing TREX1 exonuclease activity have been associated with three autoimmune diseases in humans: AGS, autosomal dominant familial chilblain lupus (FCL), and systemic lupus erythematosus (SLE). AGS, in most cases, is caused by homozygous missense or compound heterozygous mutations leading to complete absence of exonuclease function. The disease mimics an in utero viral encephalopathy, possibly secondary to activation of the immune system by host DNA (Morita et al., 2004) . Heterozygous TREX1 missense mutations are found in FCL, an autoimmune disease that primarily affects the skin (Lee-Kirsch et al. 2007a; Rice et al., 2007) . Rare heterozygous (missense, frameshift, and 3'-UTR) TREX1 variants have also been associated with SLE (Lee-Kirsch et al., 2007b; Namjou et al., 2011) . Further support for a role in innate immunity comes from studies demonstrating that TREX1 degrades HIV-1 DNA generated during infection, thereby preventing interferonmediated immune responses (Yan et al., 2010) .
Unlike TREX1 mutations causing AGS, FCL or SLE, the TREX1 mutations that cause RVCL-S preserve the enzymatic function of the TREX1 protein but alter its intracellular localization because the C-terminus that anchors the protein to the endoplasmic reticulum is absent (Richards et al., 2007) . Nonsense-mediated RNA decay is unlikely because TREX1 is a single-exon gene and truncating RVCL-S TREX1 mutations consequently escape such decay. Haploinsufficiency is also an unlikely explanation as parents of children with AGS, presumably with halfnormal levels of functional exonuclease, may have an increased incidence of autoimmune disease but do not develop RVCL-S (Schmidt et al., 2012) . Instead the mutations in RVCL-S are hypothesized to lead to a toxic gain-of-function that primarily affects the microvasculature through a mechanism that remains to be determined. A recent report points at a novel second function of TREX1, especially its 'tail' that is truncated in RVCL-S, in regulatory glycosylation in the endoplasmic reticulum (Hasan et al., 2015) . Unlike AGS, FCL, and SLE, RVCL-S displays no features of vasculitis and does not seem to be primarily an autoimmune disorder. However, autoimmunity may play a role at certain stages of the disease, for instance during development of rim-enhancing cerebral mass lesions. There is no specific treatment for RVCL-S. Immunosuppressive agents such as cyclophosphamide were given to a few individuals, but without benefit (J.P.A., unpublished data). In two patients, intra-vitreal bevacizumab improved vision and reduced the retinal neovascularization, vascular leakage, and exudation (Kernt et al., 2010; G.D., personal observation) . Corticosteroids temporarily reduced cerebral vasogenic oedema but had no effect on the underlying lesions.
Although not all data were available for all subjects, the emerging clinical picture is consistent across patients and families, and well in line with our own clinical experience and the clinical reports of five additional genetically confirmed patients from the literature (Table 3) (Winkler et al., 2008; Schuh et al., 2014; Dhamija et al., 2015; DiFrancesco et al., 2015; Vodopivec et al., 2016) . In these reports, two features were noted that were not observed in our cases: avascular necrosis of the femur head in one (DiFrancesco et al., 2015) and dilated (hypertensive) cardiomyopathy in three (Winkler et al., 2008; DiFrancesco et al., 2015; Vodopivec et al., 2016) . It is possible that gaps in the retrospectively acquired data on RVCL-S have restricted our understanding of: (i) the early course of the disease; (ii) timing and degree of involvement of the various features; (iii) mortality; and (iv) penetrance. As MCÀ were on average 8 years younger than MC + and, like in MC + , migraine and Raynaud's phenomenon are far more prevalent in MCÀ than in the general population, we suspect that all MCÀ will ultimately transform to full-blown RVCL-S. To date, no known mutation carrier has lived a normal lifespan without developing RVCL-S, suggesting high penetrance and mortality. More detailed information will come from prospective, long-term follow-up research for which the present study has provided an indispensable first step.
Compared to previous (Grand et al., 1988; Storimans et al., 1991; Jen et al., 1997; Terwindt et al., 1998; Weil et al., 1999; Ophoff et al., 2001; Cohn et al., 2005;  ? Unknown whether the clinical feature was present. H = headache, which was not further classified; NA = 'not applicable' as the patient was still alive at the time of the report. Cases reported by Gruver et al. (2011) and Mateen et al. (2010) are included in our own dataset (Families 9 and 1, respectively).
